ABSTRACT BACKGROUND Carotid stiffening is considered a key element in the pathogenesis of stroke. However, results of studies
S
troke is 1 of the leading causes of disability and mortality worldwide (1) . The global burden of stroke has greatly increased in the last decades, and will continue to increase in the coming years (1, 2) . Therefore, effective prevention strategies need to be developed, which requires a better understanding of stroke risk factors (1) .
Aging and cardiovascular disease (CVD) risk factors lead to stiffening of the common carotid artery (3), which can be quantified noninvasively by measuring local distensibility (3, 4) . Stiffening of carotid arteries impairs their cushioning function, increasing pressure and flow pulsatility, which transmit distally into the cerebral circulation and, thus, may increase stroke risk (5, 6) . Carotid stiffening also may lead to stroke through development of (rupture-prone) atherosclerotic carotid plaques (7) . However, results of studies on the association between carotid stiffness and incident stroke have been inconsistent; 1 study (8) reported a statistically significant association between carotid stiffness and incident stroke, but 3 smaller studies (6,9,10) did not.
We therefore performed a systematic review and aggregate data meta-analysis of cohort studies on the association between carotid stiffness and incident stroke. Carotid-femoral pulse wave velocity (cfPWV), a measure of aortic stiffness (3) , is the most often used arterial stiffness measurement and is associated with incident CVD (11, 12) . Therefore, we performed an individual participant data (IPD) meta-analysis from cohorts with measures of both carotid stiffness and cfPWV, evaluating whether the association between carotid stiffness and stroke (if any) is independent of cfPWV. Additionally, to evaluate whether carotid stiffness has any potential of being used as a risk predictor of stroke, we quantified the incremental value of carotid stiffness for stroke risk prediction beyond Framingham stroke risk score factors and cfPWV. Finally, we evaluated the association between carotid stiffness and other cardiovascular outcomes than stroke, including coronary heart disease (CHD) events, nonfatal and fatal cardiovascular events, and all-cause mortality.
METHODS
This review is reported in accordance with the preferred reporting items for systematic reviews and meta-analyses (Online Appendix A) (13) .
Two independent reviewers (T.T.vS., S.S.) selected all relevant studies based on title and abstract, retrieved selected full texts, performed an eligibility assessment, extracted data, and assessed risk of bias (described later). Any disagreements between the reviewers were resolved by consensus. A third independent reviewer was available to solve any persisting disagreements.
We identified relevant studies through a search of MEDLINE, Embase, and Scopus from inception to August 7, 2015 , without any language restriction (search terms are in Online Appendix B). We further identified studies by reviewing the reference lists of all relevant papers identified and by discussion with experts in the field to identify unpublished data.
For the systematic review and aggregate data meta-analysis, we considered eligible all prospective cohort studies in humans (of any age) that investigated the association between carotid stiffness and incident stroke (nonfatal and/or fatal), CHD events and/or total cardiovascular events, and/or all-cause mortality. We selected all studies that measured In both the aggregate data and IPD meta-analysis, outcome definitions were used as reported in the originally published papers (Online Table 1 Additionally, we evaluated the association of carotid stiffness with CHD events, total cardiovascular events, and cardiovascular and all-cause mortality.
The associations were first adjusted for the following potential confounders (selected based on previously published data and previous knowledge): age, sex, mean arterial pressure, heart rate, body mass index, total/high-density lipoprotein (HDL) cholesterol ratio, triglycerides, current smoking, diabetes, prior CVD, and the use of antihypertensive and lipid-modifying medication (model 1), and additionally for cfPWV (model 2). We used interaction terms to explore whether any association with incident stroke differed according to age, sex, hypertension, and/or diabetes.
We also evaluated the association between the individual elements of the stiffness indexes (PP, distension, and diameter) and stroke. To investigate whether carotid plaques mediate the association between carotid stiffness and any of the outcomes, results were additionally adjusted for presence of carotid plaques. We also tested for any potential differences in the results dependent on the method used to measure travel distance in calculating cfPWV (Online Appendix E).
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We then evaluated whether carotid stiffness has any potential use as a risk predictor of stroke. We used the integrated discrimination improvement (IDI) and the continuous (category-free) net reclassification index (NRI) to quantify the incremental value of carotid DC for prediction of stroke risk beyond Framingham risk score factors and cfPWV. These indexes quantify any reclassification, irrespective of (clinically relevant) cutoffs. We used a 1-stage approach (21) . These analyses were done in individuals without a prior CVD (at baseline) and limited to a time horizon of 10 years. We first fitted a Cox proportional hazards model to the data using the Kaplan-Meier estimate (22) From a total of 3,939 eligible studies identified, 10 were included in the aggregate and 4 in the individual patient data meta-analysis. Risk of bias among the included studies (Online Table 4 ) was low (mean NOS score: 7 of 8).
AGGREGATE DATA META-ANALYSIS. Greater carotid stiffness (per SD) was associated with a higher stroke incidence ( Figure 2A ). In addition, greater carotid stiffness was associated with a higher incidence of total cardiovascular events and with greater cardiovascular and all-cause mortality, but not with CHD events (Figures 2B to 2E ). The statistical heterogeneity between studies was low to moderate (range of I 2 was 0% to 55%) (Figures 2A to 2E) . Results did not materially change when data were pooled of studies that calculated carotid stiffness with local PP, after exclusion of studies with a relatively high risk of bias, or when data were pooled of studies that obtained carotid stiffness data by echo tracking (Online Figure 1) . Also, results were qualitatively similar for each carotid stiffness index, except for carotid CC, which was not statistically significantly associated with stroke or any other outcome (Online Figure 1) .
IPD META-ANALYSIS. After adjustment for potential confounders, lower carotid DC (per SD) was associated with higher stroke incidence (Table 1A) ; further adjustment for cfPWV did not materially change this association. Additionally, lower carotid DC was associated with a higher incidence of total cardiovascular events and greater cardiovascular and all-cause mortality, but not with CHD events (Online Table 5 ).
We found no interaction between carotid DC and incident stroke according to sex, age, hypertension,
FIGURE 2 Aggregate Data Meta-Analysis Results
Hazard ratio (95% confidence interval) Forest plots mark the association between 1 SD greater carotid stiffness and incident stroke (A), coronary heart disease events (B), total cardiovascular events (C), cardiovascular mortality (D), and all-cause mortality (E). For each study, the hazard ratio was pooled for 1 SD lower carotid distensibility coefficient; if not available, the hazard ratio was pooled for 1 SD higher Young's elastic modulus (SMART Study [9] , 3-City Study [27] , and Stork et al. did not materially change (Online Table 6 ). Higher PP, lower distension, and greater carotid diameter were associated with a higher stroke incidence, although results for lower distension and greater diameter were not statistically significant (Online Figure 2) .
The baseline stroke risk was high as estimated by the base model (including Framingham stroke risk score factors and cfPWV) for individuals included in the IPD meta-analysis (i.e., 50.2% of individuals included had an estimated stroke risk >5.0%). This was due to the inclusion of older individuals (6, 10) and/or individuals with diabetes (6) or chronic kidney disease (15, 26) . When carotid DC was added to the base model, the IDI and continuous NRI for incident stroke improved significantly; the C-statistic also improved, but not significantly ( Table 5 ). The C-statistic did not significantly improve for any of these outcomes (Online Table 5 ).
DISCUSSION
The present systematic review and meta-analysis of aggregate and individual participant data showed that greater carotid stiffness was associated with a higher stroke incidence. This association was inde- and stroke. The results showed that greater carotid diameter, lower distension, and higher PP were each associated with a higher stroke incidence. The association between greater carotid diameter and incident stroke echoes previous studies (30, 31) , and may reflect arterial remodeling in response to atherosclerosis or increased arterial stiffness (14) . However, a even even n eve even even even eve even even even n even e even ev ve e even n even eve ev ts ts ts ts ts t ts ts ts ts ts ts ts ts s s ts ts ts s ts ts ts ts s s t ts s s s t
Meta-analyses were performed to determine associations between carotid stiffness and stroke. (A) An aggregate data meta-analysis (10 studies; n ¼ 22,472) found an association between carotid stiffness and incident cardiovascular (CV) events and mortality. An individual participant data (IPD) meta-analysis (4 studies; n ¼ 4,540) was done with all studies with available data on carotid stiffness and carotidfemoral pulse wave velocity (cfPWV), finding associations after adjusting for such factors (B), and demonstrating that the addition of carotid stiffness to Framingham risk factors and cfPWV improves stroke risk classification (C). *Results adjusted for age, sex, mean arterial pressure, heart rate, body mass index, smoking habits, diabetes, triglycerides, total/high-density lipoprotein cholesterol ratio, prior cardiovascular disease (CVD), and use of lipid-modifying and antihypertensive medication. CHD ¼ coronary heart disease; IDI ¼ integrated discrimination improvement; NRI ¼ net reclassification index.
van Sloten et al. Third, the present study had insufficient power to formally test the potential influence of publication bias (32) . Nevertheless, a broad systematic search was done to identify all relevant studies, and we were able to include published as well as unpublished data. This limits the possibility of the presence of (substantial) publication bias.
UNDERLYING MECHANISMS. The present study showed that greater carotid stiffness is associated with a higher stroke incidence, independently of aortic stiffness, supporting the concept that carotid stiffening is important in the pathogenesis of stroke (6) . We speculated that the underlying mechanism may be that stiffening of the carotid artery (or other elastic arteries for which the carotid artery may serve as a proxy) leads to a higher pulsatile pressure and flow load on the brain (3, 4, 32) . This increased load can penetrate distally into the cerebral microcirculation and may directly cause cerebral ischemia and hemorrhage (5, 33, 34) . Also, the increased pulsatile load may induce a hypertrophic remodeling response and rarefaction of small cerebral arteries which, in turn, may lead to chronic ischemia. Furthermore, carotid artery stiffening may lead to stroke through local development of rupture-prone atherosclerotic plaques. Indeed, previous studies (7, 35) have shown that arterial stiffness is associated with presence (7, 35) and a rupture-prone phenotype (7) (e.g., intraplaque hemorrhage) of atherosclerotic plaques in the internal carotid artery. In the present study, the association between carotid stiffness and stroke did not materially change after adjustment for presence of carotid plaques. However, no information was available with regard to the phenotype of these plaques, and this issue requires further study.
In the present study, carotid stiffness, in contrast to aortic stiffness (as determined by cfPWV) (11, 12) , was not associated with incident CHD events. A possible explanation for these observations may be that stiffening of the aorta, but not of the carotid artery, leads to a higher left ventricular load and reduced diastolic coronary perfusion (3, 4 Carotid Stiffness and Stroke
CONCLUSIONS
The present study showed that greater carotid stiffness is associated with a higher incidence of stroke independently of cfPWV and modestly improved risk prediction of stroke beyond Framingham stroke risk score factors and cfPWV. This identifies carotid stiffness as a potential separate target for stroke prevention strategies. 
